Introduction
prevalence was further assessed in adult spiders by testing legs. For this purpose, DNA was directly 140 extracted from two legs per specimen using the Extract-N-Amp Tissue PCR Kit (MilliporeSigma, 141 St. Louis, MO) following the manufacturer's protocol. 142 Viral prevalence in eggs and spiderlings was assessed on a per egg sac basis rather than 143 individual eggs or spiderlings. For this purpose, the silk surrounding the eggs was removed using 144 sterile pipette tips and scapels and about a third of the eggs or two spiderlings from a given sac 145 were transferred to a 1.5 ml microcentrifuge tube. After rinsing the eggs and spiderlings with SM 146 buffer, DNA was directly extracted from tissues using the Extract-N-Amp Tissue PCR Kit 147 (MilliporeSigma, St. Louis, MO) . 148 To assess the prevalence of each virus, primer pairs SpOrbCV1_F2/R2 and 149 SpOrbCV2_F2/R2 (Table 1) were used for PCR assays targeting partial SpOrbCV-1 and 150 SpOrbCV-2 genomes, respectively. For this purpose, 1 µl of DNA extract from adults, eggs, and 151 spiderlings was amplified through rolling circle amplification (RCA) to enrich for small circular Healthcare, Chicago, IL). Four microliters of DNA extract or 0.6 µl of RCA product were used as 154 template in 50 µl PCR reactions containing 1.5 mM MgCl2, 1X Apex NH4 buffer, 0.5 µM of each 155 primer, 0.2 mM of each dNTP, and 1U Apex Red Taq DNA Polymerase (Genesee Scientific, San 156 Diego, CA). Each PCR proceeded at 94ºC for 5 min, followed by 35 cycles of 94ºC for 1 min, 157 appropriate annealing temperature for 45 s (Table 1) , and 72 ºC for 2.5 min, followed by a final 158 extension at 72 ºC for 8 min. Additionally, RCA products obtained from virus particles isolated 159 from a collection of 106 spiders from various families ( Supplemental Table S1 ) were tested to 160 evaluate if SpOrbCVs could be detected in other spider species using the same PCR assay. This 174 175 Since eggs were positive for SpOrbCV-1, we evaluated if the virus could be detected in 176 individual eggs after surface decontamination. To test this, a total of 24 eggs from four egg sacs 177 known to be positive for SpOrbCV-1 were transferred individually to 1.5 ml microcentrifuge tubes 178 and processed through one out of four treatments. Each treatment was performed on three eggs 179 from each of two egg sacs for a total of six replicates per treatment. Individual eggs were rinsed 180 with SM buffer (untreated control) or decontaminated by submerging each egg in either 50 µl of 181 2% bleach for 5 min or 0.1% bleach for 30 mins [34] . For the remaining decontamination 182 treatment, each egg was submerged in 50 µl of 70% ethanol followed by 10% bleach for 1 min 183 each [35] . After bleach exposure, eggs were rinsed four times with 50 µl of SM buffer. The last Extract-N-Amp Tissue PCR Kit (MilliporeSigma, St. Louis, MO). RCA products from each egg 186 were then tested using the PCR assay described above with SpOrbCV-1_F2/R2 primers. A 187 representative DNA extract from each treatment was spiked with a positive SpOrbCV-1 DNA 188 control and subjected to RCA followed by PCR to assess potential inhibition due to the 189 decontamination treatment. 192 193 The single-stranded nature and polarity of the encapsidated SpOrbCV-1 DNA was 194 evaluated using approaches similar to those previously used to describe novel circular ssDNA Hilden, Germany). The single-stranded nature of encapsidated SpOrbCV-1 DNA was then 205 assessed based on the susceptibility of the extracted DNA to S1 nuclease and restriction enzyme 206 digestion, which degrade single-and double-stranded DNA, respectively.
Egg surface decontamination to evaluate SpOrbCV-1 vertical transmission

Characterization of virion and tissue associated SpOrbCV-1 DNA
207
A controlled experiment using commercially available single-and double-stranded forms 208 of bacteriophage phiX174 circular DNA (New England Biolabs, Ipswich, MA) was conducted to 209 determine appropriate concentrations and incubation times for S1 nuclease treatment. Two PCR 210 assays with primer pairs, phiX174_F1/R1 and phiX174_F3/R3 (Table 1) , were used to confirm 211 digestion. A total of 24U of S1 nuclease (Promega, Madison, WI) and incubation at 37ºC for 1 hr 212 was determined suitable to digest 120 ng of phiX174 ssDNA without completely degrading 120 213 ng of dsDNA. After appropriate S1 treatment conditions were determined, DNA extracted from 214 virus particles purified from spinybacked orbweavers were split into two 12 µl aliquots. One 215 aliquot was treated with 24U of S1 nuclease and incubated at 37ºC for 1 hr, while the other aliquot reactions following manufacturer's instructions. Products from the S1 nuclease treatment were 218 cleaned with the DNA Clean & Concentrator kit (Zymo Research, Irvine, CA) and eluted with 12 219 µl of sterile water. Cleaned digested products (2.5 µl) were used as template for a 25 µl PCR 220 reaction using SpOrbCV-1_F3/R3 primers (Table 1) , which flank an EcoRI restriction site in the 221 SpOrbCV-1 genome, to confirm nuclease digestions.
222
A very similar nuclease treatment approach was used to determine if a dsDNA replicative 223 form (RF) of the SpOrbCV-1 genome could be detected in spinybacked orbweaver tissues. To do 224 this, the hard, shell-like abdomen was removed from five adult spinybacked orbweavers and DNA 225 was directly extracted from the cephalothorax. Spiderlings from six egg sacs were also investigated 226 for the presence of a RF. Total DNA was extracted from individual adults and twenty spiderlings 227 per egg sac using the ZR Tissue & Insect DNA Kit (Zymo Research, Irvine, CA) following the 228 manufacturer's protocol. DNA extracts were treated with 24U of S1 nuclease in 30 µl reactions 229 and incubated at 37ºC for 1 hr. S1 nuclease digested products were cleaned using the DNA Clean 230 & Concentrator kit (Zymo Research, Irvine, CA) and eluted with 12 µl of sterile water. Clean S1 231 digested products (2.5 µl) were then treated with 1 µl FastDigest EcoRI following manufacturer's 232 instructions in 10 µl reactions. Cleaned 10-fold diluted S1 digested products and products treated 233 with both S1 and EcoRI were used as template (2.5 µl) for PCR using SpOrbCV-1_F3/R3 primers 234 (Table 1) in 25 µl reactions.
235
The polarity of the encapsidated SpOrbCV-1 DNA was determined using strand-specific, 236 linear amplification with either SpOrbCV-1_F3 or SpOrbCV-1_R3 primers adapting a method 237 previously used to characterize circular ssDNA viral genomes [39] . For this purpose, 2.5 µl of 238 100-fold diluted DNA extracted from virus particles purified from adult spinybacked orbweavers 239 (n = 2) was linearly amplified for 50 cycles in 25 µl reactions containing 1.5 mM MgCl2, 1X Buffer 240 II, 0.4 µM of either primer, 0.2 mM of each dNTP, and 0.6U AmpliTaq Gold DNA Polymerase 241 (Applied Biosystems, Foster City, CA). A mock reaction containing template and all the reagents, 242 except for primer, was also included alongside strand-specific reactions to account for background.
243
Each amplification reaction proceeded at 94ºC for 5 min, followed by 50 cycles of 94ºC for 45 s, 244 52ºC for 45 s (Table 1) , and 72ºC for 1 min, then a final extension at 72ºC for 8 min. One microliter 245 of linearly amplified products and mock reactions were then exponentially amplified in 25 µl PCR 246 reactions using primer pairs SpOrbCV1_F3n1/R3n1 and SpOrbCV1_F3n2/R3n2 (Table 1) , which are nested relative to strand-specific primers. PCR reactions contained 1.5 mM MgCl2, 1X Buffer 248 II, 0.4 µM of each primer, 0.2 mM of each dNTP, and 0.6U AmpliTaq Gold DNA Polymerase 249 (Applied Biosystems, Foster City, CA). Each reaction proceeded for 25 cycles using the same 250 thermocycling conditions listed for strand-specific linear amplification. Note that the encapsidated 251 viral DNA that is complementary to a given strand-specific primer will produce a strong signal 252 after exponential amplification. Hitachi 7100 TEM at 100 kV. A Gatan Orius high-resolution digital camera was used to record 273 images.
SpOrbCV-1 represents a novel group of CRESS DNA viruses 277 278
SpOrbCV-1 and SpOrbCV-2 represent two distinct CRESS DNA viral groups identified 279 in spinybacked orbweavers. SpOrbCV-1 cannot be classified within established taxa, whereas animal feces, and plants (Table 2) .
290
Circularisviruses contain small (~1.9 -2 kb), circular genomes with two major ORFs 291 encoding Rep and capsid proteins in the same strand (Fig. 1 ). This genomic architecture was among each other (Fig. 1) , which is congruent with the lower limit of PIs reported for established 300 CRESS DNA viral families [47] [48] [49] . Similar to most CRESS DNA viral groups, the circularisvirus 301 Rep is more conserved than the putative capsid based on amino acid pairwise identities (Fig. 1) .
302
Based on the lowest species demarcation threshold (75% genome-wide pairwise identity) for 303 established CRESS DNA viral families [50], currently there are eight distinct circularisvirus 304 species sharing <70% genome-wide PI and two genomes representing variants of SpOrbCV-1, 305 which share 91% genome-wide PI (Fig. 1) . The distribution of genome-wide PIs among lead to the creation of a new CRESS DNA family.
308
To confirm the single-stranded nature of the SpOrbCV-1 genome, we took advantage of 309 S1 nuclease and EcoRI restriction endonuclease, which degrade ssDNA templates and dsDNA at 310 a specific site, respectively (Fig. 2) . DNA extracts from purified virions were susceptible to S1 311 nuclease treatment but resistant to EcoRI digestion, confirming that SpOrbCV-1 virions 312 encapsidate circular ssDNA. Based on the putative ori of many CRESS DNA viruses, which 313 contains a conserved nonanucleotide motif ('NANTATTAC') at the apex of a stem-loop structure 314 [28], it was predicted that the protein-encoding strand of SpOrbCV-1 is the virion strand. A strand-315 specific amplification assay on DNA extracted from virions purified from two individual 316 spinybacked orbweavers confirmed that the Rep-and capsid-encoding strand containing the 317 nonanucleotide motif 'CAGTATTAC' is indeed the virion strand of this circularisvirus. The 318 majority of circularisvirus genomes contain a putative ori in the protein-coding strand with the 319 conserved nonanucleotide motif 'NANTATTAC' (Fig. 1) . However, two genomes, one reported 
325
The circularisvirus Rep contains the two-domain organization that is distinctive of 326 eukaryotic CRESS DNA viruses, including endonuclease and superfamily 3 (SF3) helicase 327 domains that are important for rolling circle replication (RCR) (Fig. 1) [54] , is characterized by the sequence 'GxxxxGK(S/T)' in most CRESS DNA 336 viral groups, with the exception of members of the families Smacoviridae and Nanoviridae which the sequence 'GxxxxGKD' (Fig. 1) . The biochemical implications of this acidic amino acid 339 substitution within the Walker-A motif are unknown, but it seems to be a distinguishing feature of 340 circularisvirus Reps. Interestingly, BLAST analysis revealed an endogenous circularisvirus-like 341 SF3 helicase sequence in a genome scaffold from Parasteatoda tepidariorum (accession 342 XP_015919340), known as the common house spider. Since SF3 helicases have been mainly 343 identified in small DNA and RNA viruses [54, 55] and the P. tepidariorum has significant matches 344 (BLASTp, e-value < 10 -50 ) to the helicase domain of circularisvirus Reps, including the 345 'GxxxxGKD' domain, it is possible that this spider genome acquired the helicase from a CRESS 346 DNA virus.
348
SpOrbCV-1 is highly prevalent in spinybacked orbweavers 349 350 SpOrbCV-1 and SpOrbCV-2 were originally identified in spinybacked orbweavers [2]; 351 however, SpOrbCV-2 shares 99% genome-wide pairwise identity with DfACyV-3, a cyclovirus 352 species originally discovered in dragonflies collected in Florida in 2010 [27] . Since spiders and 353 dragonflies are top insect predators, we hypothesized that SpOrbCV-2 is of dietary origin whereas 354 SpOrbCV-1 is specifically associated with spinybacked orbweavers. To further explore the 355 association between these CRESS DNA viruses and spinybacked orbweavers, we compared the 356 prevalence of SpOrbCV-1 and SpOrbCV-2 in specimens collected in 2017 and 2018 through PCR.
357
PCR assays indicated that SpOrbCV-1 was more prevalent in spinybacked orbweavers than 358 SpOrbCV-2 ( Fig. 3) . Notably, SpOrbV-1 was detected in at least 65% of specimens representing 359 various spinybacked orbweaver life stages, including adults, eggs, and spiderlings. In contrast,
360
SpOrbCV-2 was only detected in adults and the highest prevalence (36%) was detected among 361 samples composed of virus particles isolated from whole specimens compared to 2% based on leg 362 tissues alone. The vast majority (85%) of samples that were positive for SpOrbCV-2 (n = 13) were 363 also positive for SpOrbCV-1. In addition, SpOrbCV-1 was more abundant in leg samples than 364 SpOrbCV-2 given that the former was detected without RCA pre-amplification, whereas 365 SpOrbCV-2 was only detected in PCR reactions containing RCA product as template. A similar 366 trend was observed for virus particles isolated from whole bodies since 40% and 20% of 367 SpOrbCV-1 and SpOrbCV-2 positive samples, respectively, were directly identified from DNA 368 extracts, rather than RCA products.
SpOrbCV-1 and SpOrbCV-2 were also detected in samples collected outside of this closely stranded DNA (CRESS DNA) viruses: Ubiquitous viruses with small genomes and a diverse host Table S1 . List of spider species tested for spinybacked orbweaver circular viruses (SpOrbCV). 
Figure S1
U S6 S7 S8 S9 S10 N S6 S7 S8 S9 S10 N Figure S2 . Example gel image showing results for PCR assays targeting DNA extracted from virions (top) or spider tissues (bottom) after treatment with S1 nuclease or EcoRI restriction enzyme. Samples include an untreated positive control (U), PCR products from virion or tissue samples (S), and a negative control (N).
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